Although high carbon martensitic steels are well known for their industrial utility in high abrasion and extreme operating environments, due to their hardness and strength, the compressive stability of their retained austenite, and the implications for the steels' performance and potential uses, is not well understood. This article describes the first investigation at both the macro and nano scale of the compressive stability of retained austenite in high carbon martensitic steel. Using a combination of standard compression testing, X-ray diffraction, optical microstructure, electron backscattering diffraction imaging, electron probe micro-analysis, nano-indentation and micro-indentation measurements, we determined the mechanical stability of retained austenite and martensite in high carbon steel under compressive stress and identified the phase transformation mechanism, from the macro to the nano level. We found at the early stage of plastic deformation hexagonal closepacked (HCP) martensite formation dominates, while higher compression loads trigger body-centred tetragonal (BCT) martensite formation. The combination of this phase transformation and strain hardening led to an increase in the hardness of high carbon steel of around 30%. This comprehensive characterisation of stress induced phase transformation could enable the precise control of the microstructures of high carbon martensitic steels, and hence their properties.
For many years, high carbon steels have proved useful for industrial application in extreme operation conditions due to their hardness, strength and relatively low cost compared to high alloy steels. High carbon martensitic steels are favoured when high abrasion resistance is required. These steels contain plate and lath martensite which is formed from austenite during quenching, although this transformation is rarely complete, and some austenite remains. An inverse relationship exists between the strength of the martensite formed in the quenching process and the amount of residual austenite; the martensite's strength increases as the amount of retained austenite decreases. Hence retained austenite is generally considered deleterious in low-carbon steel [1] [2] [3] [4] [5] . However, the retained austenite can subsequently be transformed to the more stable martensite phase with the application of high stresses and temperatures; thereby increasing the toughness and ductility of the substrate. This means that under extreme operating conditions, when the pressures on the substrate, and the temperature to which is it exposed, are high enough, the transformation of retained austenite will be triggered, thereby achieving additional work hardening of the steel in-situ. This work hardening may be very desirable in industrial applications in which the steel's surface wears due to the application of stresses, but the material remains hard due to the transformation of retained austenite to martensite. Depending upon its chemical composition, retained austenite can be metastable phase and will transform to martensite by passing the phase transformation barrier energy. Martensitic transformation is achieved by the cooperative shear movement of atoms; applied compressive stress involving compression deformation aids the transformation 6 . If the steel is subjected to high compression or if it is heated to temperatures less than the martensitic transformation temperature, the retained austenite is transformed into martensite. Depending on the chemical composition of steel and temperature, various deformation mechanisms such as mechanical twinning; γ → α ´ and γ → ɛ , martensitic transformations can occur under external loading 7 . Here, γ , α ´, ɛ are denoted for austenite, BCC/BCT martensite and HCP martensite, respectively. It is very important to measure the amount of retained austenite and its stability to optimise the processing conditions of high carbon martensitic steel for dimensional stability and strength for high abrasion working environments. However, very little attention has been paid to the stability of retained austenite in high carbon steels, despite the reliance of their martensitic microstructure for their strength and hardness and the potential, as discussed above, for the stress induced transformation of retained austenite to improve the steel's performance.
This study focused on high carbon martensitic steel for use as a wear resistant material in industry. The mechanical stability at the micro and nano level and its stress-induced martensite transformation behaviour has been investigated by Optical microscopy, X-ray diffraction, Electron backscattering diffraction and Nano-indentation technique. In addition, the strain hardening effect on the overall hardness of the high carbon steel was investigated by micro and nano-hardness analyses. Identifying the volume percentage of each phase under compressive stress as well as phase transformation steps, is essential to characterise high carbon steel as a wear resistant material for extreme operating conditions.
Experimental procedure
Industrial grade high-carbon steel with the chemical composition shown in Table 1 was investigated. It contained a mixture of martensite and a large amount of retained austenite (59-60%). A sample for optical microscopy observation was cut, ground and polished according to standard procedures and then etched in a 2% Nital solution. For the compression tests, 12 samples were cut into small sizes (4 mm × 4 mm × 4 mm) using a diamond cutter at a very slow speed (0.01 mm/sec) to minimise both the heat effects and shear stress, thereby ensuring that retained austenite was not inadvertently transformed as the sample were prepared. Standard metallographic wet grinding and polishing methods were used to prepare the samples for X-ray analysis. A PANalytical Empyrean XRD instrument was used with unfiltered Co-Kα radiation at 45 kV and 40 mA current for quantitative XRD to measure the volume fraction of phases from a 2θ spectrum that was acquired at a step size of 0.0260 over an angular range of 40° to 130°. The compression deformation experiment was performed at room temperature with an Instron 8510 instrument operating at 0.10 mm/min cross-head speed over a loading pressure of 200 MPa to 2500 MPa.
After X-ray diffraction characterization, an orientation microscopy investigation of transformed austenite and martensite was conducted by electron back-scattered diffraction (EBSD) technique, using an Oxford system attached with a Carl Zeiss AURIGA ® CrossBeam ® field emission gun scanning electron microscopy (FEG SEM) workstation. To determine the steel's quantitative carbon and manganese content an electron probe micro-analysis (EPMA) was conducted using a Jeol JXA 8500F Hyper probe machine. Nano-indentation tests were carried out in load control mode on a TI 900 Hysitron Tribolab system at varying loads up to 8000 μ N with a Berkovich three-sided pyramidal diamond tip indenter (nominal angle of 65.3° and radius of 200 nm). As the varying loads were applied to the austenitic phase, microstructural images helped to identify the resulting phase transformation phenomena at the nanoscale. To obtain the hardness profile of the compression induced material, nano-indentations were made in a 3 × 3 matrix with a uniform load of 8000 μ N. Conventional micro Vickers hardness tests were also performed to obtain macroscopic strength at 0.2 HV load.
Results and Discussion
Mechanical stability in Micro scale. After heat treatment the structure of the steel was found to contain martensite and retained austenite, which were observed in the optical microscopy images in Fig. 1 and XRD spectrum in Fig. 2 . Martensite has two different morphologies: plate and lath martensite. The optical micrographs in Fig. 1 revealed the presence of retained austenite (light areas) with lath and plate-shaped martensite (dark areas). This process is well described in the literature in this field. Two types of retained austenite-blocky and film morphologies-were found in the samples. After heat treatment but prior to compression testing the specimen contained a substantial fraction (59-60%) of retained austenite (Fig. 1a) . After compression tests, ranging from 200 MPa to 2500 MPa at room temperature, the amount of retained austenite was found to have reduced significantly. For example, at 2000 MPa it fell to about 18% (Fig. 1b) and at 2500 MPa to below 10%.
All the samples were investigated by XRD. The volume fraction of retained austenite varied within the 59-60% range in all the samples before compression testing. Figure 2 shows a typical XRD profile before deformation, individual diffracting planes correspond to the austenite and martensite phases as labelled.
X-ray analysis was carried out to study the mechanical stability of the retained austenite and other phases on the macro scale under compression deformation. In the following, the volume fraction calculating methods from the XRD spectrum are described. According to the ASTM-E975-13 standard, the volume fraction of each phase can be calculated based on equation (1): 
In this equation,
hkl Integrated intensity per angular diffraction peak (hkl) in the i-phase; I 0 = Intensity of the incident beam; μ = Linear absorption coefficient for the steel; e, m = Charge and mass of the electron; r = Radius of the diffractometer; c = Velocity of light; λ = Wavelength of incident radiation; v = Volume of the unit cell; F hkl = Structure factor which depends on the atomic co-ordinates (x i , y i , z i ), the atomic scattering factors f ij 0 and
the isotropic Debye-Waller factors T ij iso and the influence of occupations k i and replacements g j ; p = Multiplicity factor of the (hkl) reflection; θ = Bragg angle; e −2M = Debye-Waller or temperature factor which is a function of θ ; V i = Volume fraction of i -plane. The constant K is composed of various physical properties of the material. The terms in the R factor involve the unit cell volume, structure factor, crystallographic multiplicity factor, Lorentz polarization factor and the temperature factor.
Therefore, for a steel containing FCC austenite (γ), BCC-martensite (α) and HCP-martensite (ε), total volume of the phases can be written as: 
Based on equation 1 individual volume fractions of each phase can be calculated using equation (3),
In a specific X-ray diffraction plane where i = γ, α, ε and n = number of peaks examined by the X-ray diffraction 8 . Figure 3 shows XRD spectrums before and after compression testing. After compression, there are variations in the peak intensities and their positions due to the phase transformations and the sizes of crystal structures. Before compression testing, the sample showed austenitic peaks at (111) γ and (200) γ diffraction positions. As the compressive stress was increasing the austenite peak started decreasing and the martensite peak at (110) α' started increasing. Also, the peak position shifted with the stress. These XRD phenomena correspond closely to the transformation of austenite to martensite as a result of compressive stresses. According to the literature, the peak shift occurs due to lattice expansion during the transformation of retained austenite to martensite 9 . Before compression deformation, the ε -martensite peaks were insignificant as this structure was formed by heat treatment, Fig. 3 , 0 MPa spectrum. The literature stated that at least 3% of ε -martensite is necessary to reveal this phase with XRD 10 . After compression deformation the (100) ε and (101) ε peaks became apparent, indicating that the formation of hexagonal ε -martensite phase occurred during deformation (Fig. 3) . Figure 4 shows the effect of compressive stress on the volume fractions of the phases. From the X-ray spectrum, 60% retained austenite was measured after loading in the 0-200 MPa range. At the highest loads of 2500 MPa, the content of retained austenite decreased to below10%. At low compressive stresses (0-500 MPa) the retained austenite fraction does not vary significantly since the compressive stresses are less than the corresponding activation energy required for phase transformation. The relevant literature show that when the retained austenite attains sufficient energy from the induced compression, randomly spaced overlapping stacking faults create ε -martensite 11, 12 . The α ′ -martensite phase nucleates at the intersections of shear bands, i.e. dislocation pile-ups on closely spaced slip planes [12] [13] [14] . As a result of the transformation phenomenon, the amount of retained austenite decreases gradually as the stress applied is increased. In these spectrums, the content of α′ -martensite is considered steady up to a 1500 MPa load, although there is a small increment (0.34% to 0.40%) between 200 MPa to 1500 MPa compressive stresses. When the applied pressure exceeded a 1500 MPa load, the volume fraction of α′ -martensite increased abruptly to 75% (Fig. 4a) . This may have occurred as the structures obtained sufficient energy for transformation from retained austenite to α′ -martensite over a 1500 MPa load.
The small amount of untransformed retained austenite was stable and unchanged at 3000 MPa compression because it was encapsulated in the newly formed martensite plates which imposed additional compressions on the retained austenite, thereby restricting further transformation. Thus the mechanical stability of the austenite phase was achieved in the steel sample. Above the 2000 MPa compression load the change in ε -martensite content was not so significant but the α′ -martensite content increased noticeably. This indicates that the transformation process involves both γ → ε and γ → α′ transformations and enables strain hardening. It is well known that sample hardness increases with increasing martensitic volume fractions. According to the literature, the martensitic structures act as a barrier to dislocation movements and hence deformations 15, 16 . Figure 5 shows the results of samples in nano and micro-scale hardness vs. compressive stress tests. When the increasing compressive stress reached 1500 MPa, a sudden increase in hardness occurred, and exceeded 9.78 GPa (Fig. 5a ). This correlated closely with the proportion of martensite in the structure and the transformation of retained austenite to martensite, as indicated in Fig. 4 . Before compression deformation the hardness was measured at 745HV (7.31 GPa) in micro-hardness testing and 7.81 GPa in nano-hardness testing. This discrepancy becomes apparent in the plot in Fig. 5b , whereby the nano-hardness measurement shows higher hardness values than the micro-hardness measurements. It has been reported that the nano-hardness data show 10-30% higher values than the Vickers hardness data 17 . This is because of the involvement of different deformation mechanisms in these two tests. Briefly, in nano-hardness testing due to concentrated stress on a small area, local strain hardening effects are greater than in micro-hardness testing. Given this explanation, the ratio of Vickers hardness to nano-hardness for the compressed sample is sufficiently consistent to make the hypothesis that the compression deformation of the material resulted in local strain hardening which significantly enhanced the mechanical stability of the high carbon steel. As such, the hardness of the steel was some 30% higher than the hardness of the original steel sample. Figure 6 shows a series of EBSD measured phase maps that are taken from the undeformed and deformed samples after various loading conditions (500 MPa, 1500 MPa, 2000 MPa and 2500 MPa). In these maps, both α′ martensite is plotted as red, ε martensite phases are plotted in yellow, and the retained austenite is plotted in blue. The black lines on the maps represent the boundaries across them where misorientation is over 15°. Overall, the retained austenite grains in Fig. 6a ,b are larger than those in Fig. 6c-e . Therefore, the grain size of the retained austenite decreases with increasing compressive load. This is understandable given the well-established theories of crystal plasticity 18 that state that deformation creates new boundaries and thus divides the original grains into . An overall comparison between these maps shows a variation in the area fractions of retained austenite. From 500 MPa compression, a reduction in the fraction of retained austenite was observed, when compared to an uncompressed sample (see Fig. 6a,b) . Therefore, the transformation begins occurring as early as 500 MPa or earlier. With further load increments, to 1500 MPa-2000 MPa, the reduction of retained austenite becomes more apparent (see Fig. 6c,d ) and finally in the 2500 MPa deformed sample, the fraction is lowest. In this sample, the size of the retained austenite is also the smallest. If the grain size of the retained austenite decreases, the stacking fault energy increases 20, 21 . The martensite phase nucleates at the intersection of shear bands which are created by the overlapping of stacking faults on the austenite planes during deformation. As the SFE increases, it acts as a barrier to the further transformation of retained austenite which makes the finer grain sized retained austenite mechanically more stable than the coarser grained 22 . The distribution of the ε martensite phase indicates that at the early stages of plastic deformation, up to 1500 MPa, HCP martensite formation dominates. This is in line with Fig. 4 which indicates the percentage of each phase during different plastic deformation stages.
It should be noted that these EBSD scan were conducted with a pattern binding of 1 × 1, with an integration number of frames of 10 for 15 kV and that the step size chosen was less than 100 nm. These refined and high resolutions EBSD scans make it possible to detect ε -martensite and to identify the relationship between ε and α′ martensite formation and plastic deformation. In the stress inducted martensite formation mechanism, thin martensite plates form first and then other thin plates eventually nucleate near the first ones. Then during the growth process, the remaining austenite is entrapped between individual martensite plates. The EBSD investigation in this study shows the overall area fractions of the two martensite types and so assists in determining their growth in relation to the applied stresses. ε -martensite and α′ − martensite have distinctively different dislocation contents and this can be displayed by Kernel average misorientation (KAM) plots 23 (see Fig. 7 ), which provide additional information on lattice distortions and deformation localizations 24 . From the EBSD data KAM can be obtained from the average misorientation around a measurement point in relation to a defined set of the nearest neighbouring points. Therefore, a high KAM value indicates high dislocation density [25] [26] [27] . In this analysis neighbouring pixels with a misorientation angle lower than a threshold of 5° are taken to exclude other boundaries (eg. grain boundary, special feature boundary, etc). The KAM maps in Fig. 7 correspond the phase maps in Fig. 6 . These plots display the change in dislocation content in the martensite and austenite structure between pre-and post-compression samples. The grain boundaries are plotted black. The highly distorted regions following compression are near the grain boundaries of the α′ martensite phase, the locations for the nucleation of ε -martensite. This study also reveals that more ε martensite than α′ martensite forms at the beginning of the plastic deformation (up to 1500 MPa). Later, at compression stresses reach and exceed 2000 MPa α′ martensite formation was observed. These observations are made based on dislocation contents (blue zone with lower dislocation density), which are also supported by the XRD data in Figs 3, 4 and 6 . At the early stages of compression γ → ε transformation dominates while at the higher compression stresses γ → α′ transformation prevails.
Another factor that influences the retained austenite to martensite transformation is the stacking fault energy (SFE). The stacking fault energy is related to the C and Mn content and therefore a carbon content measurement in the retained austenite was conducted using EPMA. Figure 8(b) shows EPMA line measurement plots of C and Mn on the retained austenite and martensite regions in the sample. The austenite grains that do not contain martensite phase have a homogeneous C distribution with an average C content of 0.65 wt.%. In contrast, the austenite grains that are surrounded by martensite are carbon rich (0.8-1.0 wt%). This indicates of C partitioning from the martensite phase to the austenite phase 26 . The Mn content of the austenite grains does not change very much, based on the spatial distribution of martensite phase, and therefore a uniform Mn profile is measured in Fig. 8 . It is known that SFE increases with carbon content and it can be estimated from the equation described in ref. [27] [28] [29] [30] [31] [32] . The average C and Mn content in austenite phases (based on EPMA data) and the calculated SFEs are listed in Table 2 ; it was found that the SFE varies within the 13-18 mJm −2 range. The literature shows the formation of martensite occurs below18 mJm −2 SFE 28, 33, 34 . Therefore, in the studied samples, ε martensite formation may be facilitated by the formations of stacking faults during the early deformation stages. It is pertinent to note that literature also shows that deformation induced stacking faults lead to the formation of shear bands, and where shear bands from several glide systems intersect, the nucleation of α ′ martensite is initiated 22, 34 .
Mechanical stability in Nano-scale. To observe the stress induced phase transformations EBSD scanning was carried out, before and after the nano-indentation experiments, as per the data shown in figure Fig. 9 . Figure 9a shows the distribution of the austenite and martensite phases prior to nano-indentation. Then the austenite area was located and the nano-indentation experiment was carried out. Another EBSD scan was conducted on the same area (in Fig. 9b) . Thus, it was demonstrated that the formation of the martensite phase occured as a result of the nano-indentation. In the load displacement curve in Fig. 9c it was found that the indentation penetration depth reached up to 181 nm when the load increased 8000 μ N. At the initial loading stages displacement was continuous until ~55 nm distance, then discontinuous displacement bursts appeared. These points are marked by blue arrows on the load-displacement curve. Here the bursts are obvious since the acceleration of martensitic transformation is quite swift. During these events the indenter tip reacts at an exceedingly faster rate than the pre-set experimental rate to maintain a constant loading rate. Therefore, after every burst, the curve deviates from the original trajectory, which is shown with a red dashed line in Fig. 9c . This serves as an indication of the strain hardening effect due to phase transformation and associated dislocation movements.
Broadly, the appearance of discontinuous displacement bursts in crystalline metals can be associated with certain factors, for instance; dislocation nucleation and propagation; crack formation or phase transformation [35] [36] [37] . Studies have shown that if there are simultaneous bursts occurring, the first burst corresponds to dislocation nucleation 38 and then dislocation pile-up, dislocation movement and phase transformation will follow. In Fig. 9c , the first burst occurs with a small penetration depth of around ~57 nm. It was considered that the high-stress zone beneath the indenter is free of mobile dislocations, instead of grain boundaries. Accordingly, the first burst occurred at the beginning of the deformation and is interpreted as the result of dislocation nucleation in the retained austenite grain. This correlates with the dislocation mapping for the bulk sample in which dislocation density starts increasing at the beginning of the plastic deformation (see Fig. 7 ). In order to fully understand the phase nature of retained austenite, the maximum shear stress τ max at the elastic zone can be compared with the theoretical value when the first burst occurred. This can be calculated by equation (5) 39 : , where, E is the Young's modulus, ν is the Poisson's ratio and the subscript i and s represent the indenter and specimen respectively. Based on equation (5), τ max was calculated to be 21.45 GPa (Fig. 7c ) which is about 1/3 to 1/4 of the theoretical shear modulus of austenite phase (75-81 GPa). The induced stress is within the theoretical strength of polycrystalline metals (G/30 to G/5 of theoretical shear modulus). Therefore, it is plausible to assume that the first burst is associated with dislocation nucleation 38, [40] [41] [42] [43] . The second burst that appeared in the high carbon steel sample, was generated by dislocation movement. Consequent bursts represent the outbreak of strain-induced phase transformation from the retained austenite to martensite reaction 40 in the nano-scale. The bursts in Fig. 7 starts almost at the same pressure for both the indentations (Fig. 7a,b) which shows that the metastable retained austenite grain starts transforming into martensite when the specific activation energy is crossed as an increasing load is applied load during indentation. By contrast, although multiple indentations were carefully applied to the martensite grain in similar nano-indentation experiments, no noticeable bursts in the load curve were observed. This indicates that phase transformations did not occur in the martensite during the indentation process.
Conclusion
This work presents the first investigation at both the macro and nano level of the mechanical stability of retained austenite in high carbon steel samples under compressive stress, using a combination of OM, EBSD, XRD, EPMA, micro-indentation and nano-indentation tests. OM and EBSD patterns showed a significant reduction in the grain size and volume of retained austenite at increased compressive stresses. The retained austenite to martensite transformation was characterized in terms of the volume fractions of the phases formed in the deformation and transformation mechanism through the analysis of X-ray diffraction patterns. Quantitative analyses by XRD and dislocation density plots revealed that larger amounts of ε -martensite formed compared to that of α ′ -martensite at lower loads. The volume percentage of α ′ -martensite increased as the compression load increased. The transformation process involved i.e., γ → ε and γ → α′ efficiently increases the mechanical stability of the steel. Consistent results of micro-hardness and nano-hardness tests showed a positive correlation between compressive stress and the increasing hardness of the material, which can be attributed to strain hardening and phase transformation.
In our industrial grade high carbon steel samples, multiple discontinuous displacement bursts were observed in the load displacement curve by imposing nano-indentation stresses on retained austenite grains. These results demonstrate that the first burst was associated with dislocation nucleation and that subsequent bursts were the result of the progressive transformation of austenite to martensite. We have established, and have comprehensively described, how external compressive stress; increased dislocations density; smaller grain size and additional compressive stress caused by the martensitic transformations can improve the hardness and mechanical stability of high carbon steel. Such understanding is critical for controlling the microstructures of high carbon steels and, so, for opening up new industrial applications for these relatively cost-effective steels.
